t-BOC protected hexakis(4-t-BOC-phenoxy)cyclotriphosphazene, TBP, was synthesized from a semiinorganic phosphazene compound and its acid-catalyzed thermal deprotection was utilized in the design of a three-component positive resist system based on the combined principles of chemical amplification and dissolution inhibition. The new resist system, PTPNS(NRI TBP/PAG), is formulated with novolac resin (NR), TBP and a photoacid generator (PAG). The dissolution characteristics of PTPNS in alkaline development are ideally suited for application to positive type resists which are based on a dissolution inhibition mechanism. The t-BOC protected TBP of the PTPNS resist system effectively acts as an acid-labile dissolution inhibitor of novolac resin when TBP concentration is more than 10 % by weight. As a representative, PTPNS(100/15/5) (by weight parts) exhibited high sensitivity in the range of 20 to 25 mJ/cm2 with contrast of 5 after exposure at 250nm light and PEB treatment at 100 to 130°C. Appropriately formulated PTPNS resist rendered positive-tone patterns down to sub-half micron with high sensitivity when the resist was exposed to KrF excimer laser or electron beam and developed with 2.38 wt% tetramethylamonium hydroxide solution.
Introduction
In submicron photolithography, still the novolac-based positive resists are conventionally used and the basis of the resist systems is on the dissolution inhibition of standard diazonaphthoquinones. However, for the shorter wavelength application to achieve higher resolution along with high sensitivity, the research works on the resist materials based on the chemical amplification concept have been performed intensively [1, 2] . High sensitivities of resists for deep-UV (DUV) application have been accomplished by utilizing three-component resist systems with chemical amplification, which separates the photochemical event from the bulk chemical change that is ultimately responsible for imaging.
Upon designing a three-component resist system based on the combined principles of dissolution inhibition and chemical amplification, it could bring some definite advantages over separately designed one [3, 4] . The three main functions of a resist material such as matrix function for film formation, solubility discrimination, and radiation sensitivity, are assigned to three separate, specialized compounds in the three-component resist system, which allows of considerable flexibility in design and optimization of resist formulations. Those three-component resists are usually composed of novolac resin (NR) or pertinent polymers as an alkaline soluble matrix, an acid-labile compound as a dissolution inhibitor and a photoacid generator (PAG). The first component, the NR matrix provides preferential resist properties along with process stability and advantageous alkaline development; the second component, the dissolution inhibitor is chemically transformed into an alkaline soluble dissolution promoter by acid-catalyzed decomposition; the third component, PAG is truely radiation sensitive material which generates a strong protonic acid upon high energy irradiation.
The well-known protecting group, tent-butyloxycarbonyl (t-BOC) functionality is particulary useful in designing acid-labile dissolution inhibitors for positive type resists. It has been already utilized in the design of typical two-component, chemical amplification resist system employing acid-labile side-chain polymers such as poly[(t-BOC-oxy)styrene] [5] , poly(tert-butyl 4-vinylbenzoate) [6] and poly(t-BOC-maleimides) [7] . The acid-labile, t-BOC protected dissolution inhibitors in the form of tert-butyl (t-Bu) carbonate or t-Bu ester derived from phenol or benzoic acid functional groups were successfully applied to the three-component positive resist system as follows: t-Bu naphthalene-2-carboxylate and 2-(t-BOC-oxy)naphthalene [8] , t-Bu cholate [4] , 2,2-bis[4-(t-BOC-oxy)phenyl]propane [9, 10] , di-t-Bu isophthalate [11] , and 2,2-bis[4-(t-BOC-methoxy)phenyl]propane [12] .
Other acid-labile compounds such as acetals and prthoesters were also used in the formulations of highly sensitive positive resists [3] . As an acid-labile polymeric dissolution inhibitor, tetrahydropyranyl protected poly(vinylphenol) was employed in a resist system [13] . Thus the three-component positive resist systems effectively combine both chemical amplification and dissolution inhibition for achieving high sensitivity and high resolution together.
In this report hexakis(4-t-BOC-phenoxy)cyclotriphosphazene (TBP) was utilized as a new t-BOC protected, acid-labile dissolution inhibitor in the formulation of a three-component resist system PTPNS which is composed of NR, TBP and PAG. The dissolution inhibition behavior of TBP with or without acid species was explored and the characteristic properties and imaging processes of the PTPNS resists by exposure to DUV, KrF excimer laser or electron beam are discussed.
Experimental

Materials
The novolacs used in this study were prepared in various molecular weights and composition. The t-BOC protected phosphazene TBP was prepared by a standard reaction of hexachlorocyclotriphosphazene [14] . As photoacid generators, onium salts and organic sulfonates were prepared according to the known procedures or obtained by kind donation.
Commercial novolac resists such as OFPR-800, AZ5206 and AZPF514 were purchased or kindly donated.
Lithography
The PTPNS resists were formulated by dissolving allocated amounts of NR, TBP and PAG in cyclohexanone at 20 to 30 weight percents of solid content. ,Resist films were casted on wafers by spin coating of the resist solution at 2000 to 4000 rpm followed by soft-bake at 90 to 110°C for 5min or 60sec with a convection oven or a hot plate, respectively. Exposure of the resist films was made on a Hybralign Series 400 Exposure System of Optical Associates Inc. equipped with a light source of a 500W short arc Hg-Xe lamp and optics tuned to 260nm, and on a KrF excimer laser stepper (Nikon, NA 0.45). Electron beam radiation was performed on a EBML 300 of Cambridge Instruments. Then the exposed films underwent post-exposure bake (PEB) at given temperatures followed by development with commercial 2.38 wt% tetramethylammonium hydroxide (TMAH) aqueous alkaline developers such as NMD-3 and AZ 700MIF.
Dissolution characteristics were monitored with a laser interferometer, End-Point Detector ED-15 of Mitsubishi Cable Co, equipped with a He-Ne laser system and a Oriel DUV Illuminator with optics tuned at 250nm.
RIE resistance
Reactive ion etch (RIE) resistance of the PTPNS resists was investigated with a DRYTEK QUARD 484 Etcher by using oxygen, CHF3/C2F6, and Cl2/He gases. The PTPNS resist films of 0.9 u m thickness were made by spin coating at 3000 rpm and soft-bake at 110°C for 60sec on a hot plate and used in the RIE processes.
Results and Discussion
Resist Formulation A new resist PTPNS is an alkali developable positive type, three-component resist system based on combined concepts of both chemical amplification and dissolution inhibition. The PTPNS(NR/TBP/PAG) resist system is composed of novolac resin as matrix, TBP as an acid-labile dissolution inhibitor and PAG such as onium salts and organic sulfonates as shown in Scheme 1. The typical opium salts used in the PTPNS resist system were well-known triphenylsulfonium hexafluoroantimonate (TPSHFA) and triflate (TPSOTf).
The dissolution inhibitor chosen as a key component of the PTPNS resist system was a t-BOC protected compound with backbone structure of 6-membered cyclotriphosphazene, hexakis(4-t-BOC-phenoxy)cyclotriphosphazene, namely, TBP and it was prepared in a good yield with high purity [14] . TBP has as many as six substituents of 4-t-BOC-phenoxy function as an acid-labile, t-BOC protected moiety. When TBP was dissolved with NR in a solvent and films were casted, the NR/TBP mixtures rendered homogeneous films up to 30 wt% of TBP content. The six t-BOC-phenoxy substituents of TBP are converted into six benzoic acid groups of BAP at about 235°C evolving isobutylene with mass loss of 26 wt% measured by thermogravimetric analysis (TGA). The organic soluble TBP becomes aqueous alkali soluble BAP by deprotection of t-BOC to carboxylic acid groups as shown in Scheme 1 and BAP can act as a dissolution promoter. TBP is belong to a compound series of t-Bu esters of aromatic carboxylic acids which have been successfully applied to two-or three-component chemical amplification resist systems [4, 6, 11, 12] .
In the PTPNS resist system the dissolution inhibitor TBP is expected to bring such at 250nm light with intensity of 4.5 mW/cm2. To suffice the desired dissolution inhibition and chemical amplification the amounts of TBP and PAG in the PTPNS resist system were found to be in the range of 10 to 35 parts and 3 to 15 parts by weight, respectively, in respect to 100 parts of NR.
Characteristics of Dissolution and Sensitivity
Dissolution time required for complete development of resist films is summarized in Table I in For chemical amplification resist systems the PEB conditions usually play an utmost important role in determining sensitivity and contrast of the resists. In Table II the sensitivity and contrast values of PTPNS(100/15/5) are calculated with different PEB temperatures when the 1.0 hum thick resists were exposed at 250nm light and developed with 2.38 wt% TMAH solution for 90sec. The PTPNS resists revealed to have sensitivities between 20 to 25 mJ/cm2 depending on PEB temperatures above 100°C. Contrast values are as high as 3 to 6. In the case of higher content of TBP, the 0.74 im thick PTPNS(100/20/5) resist gave high contrast of 7.6 and sensitivity of 18 mJ/cm2 when PEB temperature was 110°C. Fig. 2 shows the characteristic curves of PTPNS(100/15/5) with PEB at 90, 100 and 120°C. In the alkaline developing processes the PTPNS resist films began to dissolve out at exposure doses of about 10 mJ/cm2, then followed by enhanced dissolution.
The six t-BOC substituents of TBP might be ascribable to the dissolution characteristics of PTPNS resists. Upon photoacidolytic deprotection of t-BOC groups of TBP, the deprotected BAP is generated and acts as a dissolution promoter of PTPNS resists. The multiple benzoic acid substituents of BAP are responsible for the dissolution promotion. Furthermore, the carboxylic acid functionality of BAP in the PTPNS formulation is quite similar to that of the bleached compound of the diazonaphthoquinone PAC, which is produced when the standard positive novolac resists are exposed to UV. Thus BAP is expected to facilitate classical harmonious dissolution behavior of NR in the PTPNS resists.
Resist Imaging It is known that the resist materials for application in DUV lithography should have low absorption in the region. TBP is found to have Amax at 233.7nm with the molar absorptivity E of 10,000 in acetonitrile. PTPNS(100/15/5) has high absorbance of 0.95 for 1.0 hum thick film because NR and TBP are highly absorbing components. The effect of the high absorption appeared not so severe in DUV imaging processes. During the development some undercutting phenomena were observed in KrF excimer laser lithography and more seriously in electron beam irradiation. The SEM photographs shown in Fig.  3 
RIE Resistance
Today's advanced lithographic processes require high RIE resistance of the resist materials, at least similar to the standard NR resists or better. The PTPNS resist systems are expected to have high RIE resistance because phosphazene compounds are known to provide high resistance in some RIE conditions [15] . The results of the RIE resistance of the PTPNS(100/15/5) resist in oxygen, CHF3/C2F6 (50/25 by vol) and Cl2/He (30/30 by vol) are shown in Fig. 4 and compared 
